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ABSTRACT 
The all-optical signal regeneration is a demanding research area for long haul optical 
communication systems. Electronic signal regeneration is limited due to its real-time 
infeasibility in terms of data rate and accumulated losses; therefore, all-optical signal 
regeneration is utilized to overcome these issues. The existing all-optical signal 
regeneration techniques have not been able to facilitate low power consumption, 
demonstration of real-time low cost commercial based design systems and application 
for the optical systems. In this research, a new all-optical signal regeneration technique 
is developed using single- pump Phase Sensitive Amplification, designed Optical 
Frequency Locked Model and noise mitigation model. The designed technique 
consumes less power than existing signal regeneration techniques for 10Gb/s optical 
degraded signal for different amplitude and phase modulation formats transmitted at 
different transmission distances between 50 km to 250 km. The designed all-optical 
signal regeneration technique is realized using numerically and verified using 
Simulink model. A real-time demonstration and commercial design based application 
is developed using Xilinx KCU105 UltraScale FPGA. The new all-optical signal 
regeneration technique has achieved a very low Bit Error Rate (BER) of 10-13 at low 
received power of -16 dBm averagely for different transmission distances between 50 
km to 250 km via simulation and experiment. The new all-optical signal regeneration 
technique consumes low power of -16dBm, compared to existing all-optical signal 
regeneration techniques that consumes -9dBm. The new all-optical signal regeneration 
technique consumes 45% less power; with low BER and low received power compared 
to existing technique. The new all-optical signal regeneration system offers, real time 
implementation, live monitoring and commercial based design for Differential Phase 
Shift keying (DPSK) Non-Return-to-Zero (NRZ), DPSK-Return-to-Zero (RZ), Binary 
PSK (BPSK), Differential BPSK, Quadrature PSK, Orthogonal Frequency Division 
Multiplexing (OFDM), Quadrature Amplitude Modulation (QAM), Binary Frequency 
Shift Keying (BFSK), 8-PSK, and On-Off Keying (OOK).    
vi 
 
 
ABSTRAK 
Penjanaan semula isyarat semua optik merupakan kawasan penyelidikan yang mencabar bagi 
jarak jauh sistem komunikasi optik. Penjanaan semula isyarat elektronik adalah terhad 
disebabkan oleh kemudahan nyata untuk mengawal kadar penghantaran data dan kehilangan 
data terkumpul, Oleh itu, penjanaan semula isyarat optik diperlukan untuk mengatasi isu-isu 
ini. Teknik-teknik penjanaan semula isyarat semua optik yang sedia ada tidak mampu untuk 
mengawal penggunaan kuasa yang rendah, demonstrasi komersial sistem reka bentuk 
berasaskan masa nyata yang kos rendah dan aplikasi untuk sistem optik. Dalam kajian ini, 
teknik penjanaan semula isyarat optik dibangunkan menggunakan “Single Phase sensitive 
amplification”, direka oleh model optik frekuensi dan model bunyi pengurangan. Teknik yang 
direkabentuk menggunakan kuasa yang kurang daripada teknik penjanaan semula isyarat yang 
sedia ada untuk isyarat optik 10Gb/s untuk amplitud dan fasa modulasi format yang berbeza 
dan dihantar pada jarak penghantaran yang berbeza iaitu antara 50 km hingga 250 km. Teknik 
penjanaan semula isyarat semua optik yang direkabentuk dapat direalisasikan menggunakan 
kaedah berangka dan disahkan menggunakan model Simulink. Satu demonstrasi masa sebenar 
dan aplikasi komersial berdasarkan reka bentuk yang dibangunkan menggunakan Xilinx 
KCU105 UltraScale FPGA. Teknik penjanaan semula isyarat semua optik yang baru ini telah 
mencapai kadar yang sangat rendah iaitu Bit Error (BER) daripada 10-13 pada kuasa penerima 
rendah iaitu -16 dBm, secara purata untuk jarak penghantaran yang berbeza antara 50 km 
hingga 250 km melalui kaedah simulasi dan eksperimen. Teknik penjanaan semula isyarat 
semua-optik yang baru ini menggunakan kuasa rendah -16dBm, berbanding dengan semua-
optik teknik penjanaan semula isyarat sedia ada yang menggunakan -9dBm. 
Teknik penjanaan semula isyarat semua-optik yang baru ini menggunakan kurang 45% kuasa; 
dengan BER yang rendah dan kuasa penerima yang rendah berbanding dengan teknik yang 
sedia ada. Reka bentuk semua-optik sistem penjanaan semula isyarat menawarkan, 
pelaksanaan masa sebenar, pemantauan secara langsung dan komersil berdasarkan rekabentuk 
untuk Differential  Phase Shift keying  (DPSK) Non-Return-to-Zero (NRZ), DPSK Return to 
Zero (RZ), Binary PSK  (BPSK), Differential BPSK, Quadrature PSK,  Orthogonal  Frequency 
Division Multiplexing (OFDM), Quadrature Amplitude Modulation (QAM), Binary 
Frequency Shift Keying (BFSK), 8-PSK, and On-Off KEying (OOK).
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INTRODUCTION  
1.1 Background 
Information and Communication Technologies (ICT) are continuously escalating, 
as means of global communication using telecommunication network infrastructure. 
Recently, the broadband internet access and the smartphones’ bandwidth-hungry 
multimedia applications have become ubiquitous. Consequently, bandwidth demand 
continues to grow as demonstrated in Figure 1.1.  
 
 
Figure 1.1: Exponential growth in internet traffic across the globe [1] 
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The increasing demand of ICT has increased the power consumption that about 25% 
of total global power is utilized by ICT networks. Therefore, search for a solution to 
the “green communication systems” lead to the alternative approaches to design and 
develop the energy efficient communication systems, techniques, and algorithms that 
consume less power for high-speed communications [1]. 
In telecommunication networks, fiber optic communication systems are 
lightwave systems that employ optical fibers for the exchange of information at a long 
distance. The optical fiber communication systems have revolutionized the 
communication technology and have subsequently became the backbone of 
telecommunications infrastructures. The fiber optic communication systems have 
numerous advantages over existing electrical data transmission systems such as: 
immunity to noise, lightweight, and high bandwidth. The recent advancement in 
optical communication systems has improved reliability and data rate for transmission 
systems.  
The optical fiber communication systems offer ultra-high data rates due to the 
high optical frequencies, which make it possible to utilize broad optical bandwidths 
using telecommunication windows. These telecommunication windows are classified 
as: Original (O) band (1260-1360 nm), Extended (E) band (1360-1460 nm), Short 
wavelengths (S) band (1460-1530 nm), Conventional (C) band (1530-1565 nm), Long 
(L) band (1565-1625 nm), and Ultra long (U) band (1625-1675 nm) [1].  
The performance of high-speed optical systems is limited due to the collective 
effect of amplifier noise accumulation, chromatic and polarization-mode dispersion, 
fiber nonlinearity, inter-channel crosstalk, multipath interference, long distance, 
transmission of high power and frequency signal, and other impairments. These 
transmission impairments mainly produce amplitude and phase noise. The phase noise 
is further divided into linear and nonlinear phase noise. The linear phase noise and 
amplitude noise are easy to mitigate by controlling the dispersion. However, nonlinear 
phase noise is produced by the conversion of the Amplitude Spontaneous Emission 
(ASE) noise into phase noise through Kerr nonlinearities and is difficult to mitigate. 
These degradation mechanisms, present in optical fiber communication systems, are 
necessary to clean up the data signals, in order to provide noiseless communication. 
The mitigation of transmission impairments and noise from transmitted signal is 
termed as signal regeneration.  
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 Why optical signal regeneration? 
The optical communication systems are the interconnection of optical fiber between 
different access points in long haul communication as described in Figure 1.2 [2].  
 
 
Figure 1.2: Optical signal regeneration requirement [2]  
In Section 1.1, it is explained that optical communication system performance 
is limited due to several factors and malfunctions, misconfigurations and traffic 
affecting signal impairments, which leads to a high demand for fault recognition and 
correction. The use of optical signal regeneration become very important to supervise 
the network and fault management. The optical signal regeneration can be defined as 
the process of restoring the optical signal quality for the long haul communication and 
it can be performed in either electronic domain or in all-optical domain [2]. 
1.2 Motivation  
The first commercial signal regenerator utilized a process referred to as an Optical- 
Electrical-Optical (O-E-O) converter that converts an optical signal into analog 
electrical signal and re-digitize the analog signal for noise removal and re-modulate 
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this digital stream into optical signal. An efficient signal regenerator should be able to 
perform the noise mitigation, signal amplification and regeneration at appropriate 
wavelength. However, these O-E-O regenerators have the limited capabilities such as: 
ability to be used in different transmission for real time link speed of few Gbps data 
rate. The real time and commercial based design of these electronics signal regenerator 
for 10Gb/s is not reported yet, due to complex modulation formats and single 
bit/symbol input shown in Figure 1.3. On contrary, the signal regeneration in optical 
domain processes at least 12 times as many symbols for higher order modulation 
formats [3].  
 
 
Figure 1.3: Capacity distance product versus modulation formats usage [13] 
Since, two decades, research literature on all-optical signal processing has 
stated that all-optical techniques are more power efficient, and consequently greener 
in power consumption than O-E-O signal regenerators. The development of all-optical 
signal regeneration has been initiated in 1978 [4]; and until now, numerous all-optical 
signal regeneration techniques have been reported and still the number is going on. 
The all-optical signal regeneration can be achieved using nonlinear signal processing 
[4]; that offers parametric amplification via Self Phase Modulation (SPM), Cross 
Phase Modulation (CPM), and Four Wave Mixing (FWM) using different types of 
fiber such as: Highly Nonlinear Fibers (HNLF), microstructure fiber, and non-silica 
fibers. The all-optical signal regeneration has been achieved using FWM via HNLF 
using nonlinear amplifying loop mirror (NALM), optical logic gates, Fiber Optical 
Parametric Amplifiers (FOPA) and, Phase Sensitive Amplifiers (PSA) [5], [6].  
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Several problems are also reported with existing all-optical signal regeneration system 
such as; requirements of data rate of input signal, narrow linewidth, and high power 
pumps that are phase locked to the signals (and idlers) [7]-[11]. Furthermore, being 
amplified, high Bit Error Rate (BER), low Optical Signal–to-Noise Ratio (OSNR) and 
other real time monitoring issues has limited the research efforts in this field for a long 
time [12]-[13].  
Recent issues are explored by Das (2015) [14]; such as power consumption and 
cost of the experimental demonstration for all-optical signal regeneration systems. The 
alternate solution for lowering the power consumption and cost of optical 
communication system’s experimental demonstration is to implement the high-speed 
optical links using Field Programming Gate Array (FPGA) [15], [16]. An experimental 
study was carried out of utilizing the FPGA for optical fiber link in [16]; and this type 
of system design for optical communication system can reduce the cost and power 
consumption of the future optical communication systems.  Therefore, the philosophy 
of this research study is to introduce a new all-optical signal regeneration technique 
that can overcome the problems for existing all-optical signal regeneration system.  
1.3 Problem statement  
The development in the all-optical signal regeneration system demand more power 
efficiency, accuracy in noise mitigation, and regeneration for the high data rate 
(10Gb/s) degraded optical signals in real time at low cost. In progress towards, various 
limitation were reported such as: limitations of data rate of input signal for signal 
regeneration up to 5 Gbps in real time, high power consumption of all-optical signal 
regeneration techniques due to usage of high power pumps, and due to complex design. 
The designing of signal regeneration is also a challenge, because of usage of most 
expensive highly equipped optical and photonics laboratories and costly commercial 
software such as: Optisystem, VPIphotonicsTM.  
In addition, the all-optical signal regeneration for BPSK, FSK, OFDM, QAM, 
DBPSK are unexplored area. In the performance analysis of the existing all-optical 
signal regeneration system are only capable to provide the lowest BER of 10-12 and not 
lower than -9 dBm power, this BER and power consumption is high when multiuser 
are using the network at the same time. The demand of today’s all-optical regeneration 
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systems in terms of power consumption, and BER is less than this range. Additionally, 
the real time commercial package for energy efficient all-optical signal regeneration is 
the need of future all-optical regenerative system.   
1.4 The research question and objectives  
The overall quest of the research work can be formulated as follows: an improved all-
optical signal regeneration technique and its real-time implementation for commercial 
based design is achieved that consumes less power for signal regeneration of degraded 
signals. The following four research questions are formulated that defines the 
investigation of research work: 
1) What is the purpose of designing the new all-optical signal regeneration 
technique for noisy high-speed degraded optical signals? 
2) Which modulation schemes will be supported by the designed new all-optical 
signal regeneration technique? 
3) How the system designed is achieved for the new all-optical signal 
regeneration technique? 
4) How the performance of the new all-optical signal regeneration technique is 
compared to existing all-optical signal regeneration techniques? 
 
The research objectives pursued in order to answer the research questions are: 
 
1) To design an improved all-optical signal regeneration technique for noise 
mitigation and regeneration of the degraded optical signal for 10Gb/s high-
speed degraded optical signals. 
2) To utilize the designed all-optical signal regeneration for DPSK-NRZ, DPSK 
RZ transceiver systems and for BPSK, DBPSK, QPSK, OFDM, QAM, BFSK, 
8-PSK, and OOK modulation formats. 
3) To test the real time implementation and commercial based design of the 
designed all-optical signal regeneration technique for DPSK-NRZ transceiver 
system, DPSK-RZ transceiver system and for advanced digital modulation 
formats using Xilinx KCU105 UltraScale FPGA. 
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4) To validate the performance of the designed all-optical signal regeneration 
systems by comparing the simulation and hardware results of power 
consumption and BER with existing all-optical signal regeneration systems. 
1.5 Aim of the study  
The aim of this study is to develop a new all-optical signal regeneration technique, 
which is able to provide noise mitigation, amplification and regeneration for different 
modulation formats such as: Differential Phase Shift Keying (DPSK), Quadrature 
Phase Shift Keying (QPSK), Differential Quadrature Phase Shift Keying (DQPSK), 
Phase Shift Keying (PSK), On-Off Keying (OOK), Binary Phase Shift Keying 
(BPSK), Binary Frequency Shift Keying (BFSK), Orthogonal Frequency Division 
Multiplexing (OFDM), Quadrature Amplitude Modulation (QAM), Differential 
Binary Phase Shift Keying (DBPSK) for high data rate degraded signal. The designed 
system consumes less power for the designed all-optical signal regeneration technique; 
will provide the low BER with low received power. It is also projected to enable 
modern functionalities of all-optical signal regeneration system by exploiting the 
Xilinx KCU105 UltraScale FPGA, this type of FPGA provides the low power optical 
system design, debugging, troubleshooting, testing and monitoring at low cost solution 
for real time commercial based design package for all-optical signal regeneration 
system. 
1.6 Scope of study  
The Scope of this study is represented using the K-Chart described in Figure 1.4 that 
defines the study model. This chart illustrates the relationship of the main optical signal 
regeneration technique and the research work focusing in this area. The highlighted 
text boxes in pink color indicate the direction of this work carried out in order to 
achieve the research objectives. 
In this research, the numerical design has been developed to analyze the need 
of each parameter required for developing the new all-optical signal regeneration 
technique. The numerical design of new all-optical signal regeneration has been 
verified using MATLAB Simulink model. The Simulink model of developed all-
8 
 
 
optical signal regeneration technique is implemented for different modulation formats 
such as; DPSK-NRZ, DPSK RZ, BPSK, PSK, DBPSK, QPSK, OFDM, BFSK, QAM, 
and OOK to test the developed all-optical signal regeneration technique.  
 
 
 
  
 
 
 
  
 
 
 
 
 
 
 
  
 
 
 
  
 
 
 
 
 
 
Figure 1.4: Scope of the study using K-Chart 
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The performance of proposed signal regeneration system is analyzed using BER, 
OSNR, Q-factor, and eye diagram before and after implementation of all-optical signal 
regeneration for degraded optical signal transmitted at long distance noisy fiber link. 
The designed Simulink model of all-optical signal regeneration for DPSK- Non 
Return-to-Zero (NRZ) and DPSK- Return-to-Zero (RZ) is converted to Hardware 
Description Language (HDL) code to determine the real-time demonstration 
performance using Xilinx KCU105 UltraScale FPGA. The real-time demonstration of 
the designed all-optical signal regeneration system is analyzed using BER and IO 
analyzer. The system validation is performed by comparing the simulation and 
hardware results. 
1.7 Limitation of the study  
This study has the following limitations. 
 Pre-designed modulation formats are employed for testing of new all-optical 
signal regeneration technique. 
 The developed all-optical signal regeneration need to be reconfigured using 
programming in order to perform the signal regeneration for each modulation 
format. 
 The developed all-optical signal regeneration is not tested for multilevel format 
of signals.  
 The parameters of pump frequency, HNLF, optical filter and an optically 
locked frequency model need to be specified for data format of the signal to 
perform the all-optical signal regeneration. 
 The entire simulation for the developed system is carried out in MATLAB 
Simulink, using a highly fast computer such as; Core i7 processor to run the 
simulation.  
 The technique is specially designed for 10Gb/s optical degraded signals due to 
widely utilized data for high speed communication in real time and commercial 
based design. 
 The real-time implementation of new all-optical signal regeneration is carried 
out for DPSK NRZ and DPSK- RZ data formats. 
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 The real-time implementation of the system need the conversion of Simulink 
model to HDL codes for each model 
 The real-time implementation of designed all-optical signal regeneration 
demonstrates the live monitoring of only data rate, eye diagram and link speed 
using Xilinx KCU105 UltraScale FPGA.  
1.8 Thesis organization  
The thesis is organized in six chapters. Chapter 1 includes a brief introduction about 
optical communication and optical signal regeneration systems followed by 
motivation, problem statement, objective, scope, and limitation of the study.  
The brief introduction and discussion concerned about all-optical signal 
regeneration technologies and the research gap was highlighted in Chapter 2. The 
development of new all-optical signal regeneration technique is discussed in Chapter 
3 that narrates the accomplishment of objective 1. The implementation of new all-
optical signal regeneration technique for different modulation systems is discussed in 
Chapter 4 to realize objective 2. In chapter 5, the real-time hardware implementation 
as an experimental stage is carried out to achieve objective 3. In the same chapter 5 
the system validation is performed to validate the simulation and experimental findings 
of the designed system. Furthermore, the results are validated with existing all-optical 
signal regeneration systems to realize objective 4. Lastly, the conclusions with future 
suggestions are discussed in Chapter 6. 
CHAPTER 2 
 
 
 
 
LITERATURE REVIEW  
2.1 Introduction 
This chapter presents the review of fundamental knowledge of optical communication, 
optical fiber, all-optical signal regeneration, optical transmitter, optical receiver, and 
optical system performance analysis. The review addresses the relative merits of 
existing commercially viable design of all optical signal regeneration system for future 
generation optical networks. The concurrence of various techniques and systems in the 
shape of several earlier studies has been discussed in detail. The state of the art of all-
optical signal regeneration techniques has been presented herewith, which highlights 
the approaches, methods, and techniques that were utilized during their pursuit of 
development. 
2.2 Optical fiber communication system 
The optical fiber communication systems are used for long distance information 
transmission from one point to another. A typical long haul communication system 
can be divided in three subsystems: optical transmitter, optical fiber as a channel, and 
optical receiver as shown in Figure 2.1 [13]. 
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Figure 2.1: A typical optical fiber long haul communication system [13] 
The first subsystem is the optical transmitter that generates the lights signal 
with particular modulation format. The second subsystem is the optical fiber in which 
light signals are guided inside with a minimum of attenuation. The last subsystem is 
the receiver that detects the optical signal and converts in electrical signal. These 
subsystems are discussed in the subsequent sections. 
2.3 Optical transmitter  
An optical transmitter consists of laser source (narrow line width), optical modulator, 
data sequence, and signal generator. The generic block diagram for optical transmitter 
is defined in Figure 2.2.  
 
 
Figure 2.2: An optical transmitter block diagram [13] 
The data signal is binary sequence of n-bits, where n is the number of bits. The 
signal generator converts binary signal in a specific format, such as: phase shift 
(represents data in terms of phase as binary “1” represents 180° phase change and 
binary “0” represents 0° change) frequency shift, amplitude shift. This conversion can 
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be termed as digital modulation [13]. There are different digital modulation formats 
exist for the scope of optical communication system as demonstrated in Figure 2.3 
[17]. 
 
 
Figure 2.3: Classification of phase and intensity digital formats [17] 
These modulation formats are mainly, categorized in intensity and phase 
formats that are further categorized in different types [18]-[21]. In the next section, the 
DPSK signal generation, laser signal used as carrier, optical modulator, and finally, 
optical NRZ-DPSK modulator are discussed in detail respectively. 
 Differential Phase Shift Keying (DPSK) signal format 
Differential Phase Shift Keying (DPSK) is a discrete phase modulation type 
that indicates the state of phase of light carrier that can be switched using phasor. For 
example (0 to π) is binary PSK, (0, π/2, - π/2, π) is Quadrature PSK and etc. In DPSK 
format, the information is encoded in the phase of light carrier [22]. The DPSK signal 
generation using differential encoding can be described using Figure 2.4, which states 
that binary "0" is encoded if existing input bit and penetrable encoded bit are of 
opposite logic, whereas a binary "1" is encoded if the logic are alike. The DPSK signal 
generation using differential encoding is similar to an XOR logic operation, which 
operates as differential encoder. The phase encoded in DPSK signals are defined in 
such a way that binary "1" designates π or 180ᵒ phase change between sequential data 
in the optical data bits, whereas "0" designates no phase or 0ᵒ change between 
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sequential data bits. In the next section, the laser signal, which is used as carrier is 
discussed. 
 
 
                                  (a)                                              (b) 
Figure 2.4: DPSK signal format: (a) signal generation, (b) signal constellation 
diagram [22] 
 Laser signal  
Lasers in the optical communication systems are used as source to transmit signal 
inside optical fiber. The semiconductor lasers are widely used for optical 
communication. The semiconductor lasers have wide range of spectrum, which is 
suitable for parameters of the C-band (1530-1565 nm) transmission system. The 
semiconductors laser are further classified by their structure due to narrow spectral 
width and minimum rise time to achieve the high bit rate transmission [23].  
The single mode Distributed-Feedback (DFB) semiconductor laser is widely 
in use, because in a DFB laser, the optical energy is distributed throughout the cavity 
length. An internal corrugated grating leads a periodic perturbation of refractive index 
produces the Bragg diffraction to couple the waves in backward and forward 
directions. The operating characteristics DFB semiconductor laser is described using 
laser rate equation. In laser rate equation, the number of photons (N) and the number 
of electrons change (S) with time inside active region are illustrated in Figure 2.5.  
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Figure 2.5: Laser model using laser rate equation [24] 
The laser rate equations are defined in equation (2.1)–(2.3) [25]; 
 
𝜕𝑁(𝑡)
𝜕𝑡
=
𝐼(𝑡)
𝑞𝑉𝑎
−
𝑁(𝑡)
𝜏𝑛
− 𝑣𝑔𝑎𝑜
𝑁(𝑡)−𝑁𝑜
1+𝜖𝑆(𝑡)
𝑆(𝑡)             (2.1) 
𝜕𝑆(𝑡)
𝜕𝑡
= (ɼ𝑣𝑔𝑎𝑜
𝑁(𝑡)−𝑁𝑜
1+𝜖𝑆(𝑡)
−
1
𝜏𝑝
) 𝑆(𝑡)  +
𝛽ɼ𝑁(𝑡)
𝜏𝑛
              (2.2) 
𝜕∅(𝑡)
𝜕𝑡
=
𝛼
2
(ɼ𝑣𝑔𝑎𝑜𝑁(𝑡) − 𝑁𝑜 −
1
𝜏𝑝
)               (2.3) 
where ɼ is an optical confinement factor, 𝑣𝑔 is the group velocity, 𝑎𝑜 is the gain 
coefficient, 𝑁𝑜 is the carrier density, 𝜖 is the gain compression, 𝜏𝑝 is the photon life 
time, 𝛽 is the fraction of spontaneous emission, 𝜏𝑛 is the electrons life time, 𝑞 is the 
electric charge, 𝑉𝑎 is the active volume of lasing, 𝛼 is the optical linewidth factor and 
∅ is the optical phase. The DPSK signal and laser signal discussed above are fed into 
the optical modulator to produce an optical signal.  
 Optical modulator  
The optical modulation can be achieved by means of external modulation and direct 
modulation. The direct modulation has limited application because this retain 
unwanted chirps, fluctuations in intensity that produce the relative intensity noise and 
yields the broaden signal spectrum that results in dispersion penalties. The external 
modulators are preferred over direct modulation due to broaden signal issue. The 
external modulator are further categorized in Electro Absorption Modulator (EAM) 
and Electro Optic Modulator (EOM). EOM is widely used because it has linear 
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response, high extinction ratio and most importantly, it can control the amplitude, 
frequency and phase of the optical carrier [26]. The EOM are developed using lithium 
niobate (LiNbO3) materials [27] as it has low attenuation. The EOM has mainly two 
modulator; one is the Optical Phase Modulator (OPM) and second is the Optical 
Intensity Modulator (OIM). The OPM is developed using single electrode as shown in 
Figure 2.6 [28];  
 
 
Figure 2.6: Optical phase modulator [28] 
The phase vibration ∅(𝑡) in optical modulator is induced according to Radio 
Frequency (RF) signal, drive voltage 𝑉𝜋, bias voltage 𝑉𝑏𝑖𝑎𝑠 and time varying input 
voltage 𝑉(𝑡) as expressed in equation (2.4) [28]; 
∅(𝑡) = 𝜋
𝑉(𝑡)+𝑉𝑏𝑖𝑎𝑠
𝑉𝜋
                 (2.4) 
The complex-envelope optical field can be defined as 𝐸𝑜(𝑡) = 𝐸𝑖(𝑡)𝑒
∅𝑗(𝑡), 
where 𝐸𝑜 is the output optical field and 𝐸𝑖 is the input electrical field. The OIM is 
composed of two OPM in the parallel form to develop a Mach-Zehnder Interferometer 
Modulator (MZIM) as presented in Figure 2.7 [28].  
 
 
Figure 2.7: Optical intensity modulator [28] 
The optical field is distributed in two arms of MZIM, where, each arm 
represents the OPM for modulating the phase of optical carrier. The OPM uses the 
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constructive and destructive interference, where both fields are coupled at output 
terminal to enable the ON-OFF modulation of carrier intensity. The mathematical 
derivation for single stage MZIM is derived with assumption that on first arm 1 there 
is no drive voltage and drive voltage is applied to arm 2. The output optical field for 
single stage MZIM can be defined as in equation (2.5) [28]; 
        𝐸𝑜(𝑡) =
𝐸𝑖(𝑡)
2
(1 + 𝑒
𝑗𝜋
𝑉(𝑡)+𝑉𝑏𝑖𝑎𝑠
𝑉𝜋 ) = 𝐸𝑖(𝑡) cos (
𝜋
2
𝑉(𝑡)+𝑉𝑏𝑖𝑎𝑠
𝑉𝜋
) 𝑒
−𝑗
𝜋
2
𝑉(𝑡)+𝑉𝑏𝑎𝑖𝑠
𝑉𝜋       (2.5) 
The output field of MZIM is characterized using the phasor and transfer characteristics 
of MZIM, this is because MZIM has two waveguides splits into two arms and then 
combine into single output waveguide. The electrodes are biased with two voltages as; 
𝑉𝑏𝑖𝑎𝑠1 and 𝑉𝑏𝑖𝑎𝑠2 and according to that phase extracted are defined as ∅1 = 𝜋
𝑉𝑏𝑖𝑎𝑠1
𝑉𝜋
=
−∅2. The output optical field can be obtained as in equation (2.6) [28]; 
𝐸𝑜(𝑡) =
1
2
𝐸𝑖𝑅𝑀𝑆𝑒
𝑗𝜔𝑐𝑡(𝑒𝑗∅1(𝑡) + 𝑒𝑗∅1(𝑡))                            (2.6) 
where 𝜔𝑐 is the carrier angular frequency. The phases are swinging with respect to 
magnitude and sign of voltage applied to electrodes either constructively or 
destructively. The response of MZIM electrical to optical signal is described in Figure 
2.8 [28]; 
 
(a)            (b) 
Figure 2.8: MZIM phasor and electric to optical characteristics: (a) P-V 
characteristics curve, and (b) phasor diagram [28] 
The MZIM power can be defined as 𝑃𝑀 = 𝛼𝑃𝑖 cos
2 𝜋𝑉(𝑡)
𝑉𝜋
, where 𝑃𝑀 is the 
output modulator power, 𝛼 is the insertion loss. The MZIM modulator can further be 
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divided in two categorized based signal coding using Non Return-to-Zero (NRZ) and 
Return -to-Zero (RZ) formats. Figure 2.9 illustrates the optical modulator designed for 
NRZ and RZ formats [29], [30]; 
 
 
(a)                                                                               (b) 
Figure 2.9: Optical DPSK transmitter: (a) Optical DPSK-NRZ, and (b) Optical 
DPSK-RZ 
The optical DPSK-NRZ is modulating the phase of optical carrier using MZIM 
that is defined as data modulator. In optical DPSK-RZ, the phase is modulated; firstly, 
with intensity modulator and then by a synchronized pulse train with the same data 
rate as of the data modulator [29], [30]. The RZ optical signal is more tolerant to 
nonlinearity than NRZ optical signal. In the next section, the optical fiber 
characteristics, types and its signal propagation is discussed. 
2.4 Optical fiber and optical signal propagation 
Optical fibers transmit the light using different layers; the core and the cladding, 
composed of fine threads of glass (or other glass material). The optical fiber is 
categorized in mainly two types, Single Mode fiber (SMF) and Multi-Mode Fiber 
(MMF). The SMF has smaller core area than MMF that allows only one mode of light 
at a time through the core [31]. SMF are preferred because they provide better signal 
quality transmission over longer distances due to high modal dispersion. The 
International Telecommunication Union (ITU) is a global standardization body for 
telecommunication systems and vendors, and defines different types of fibers [31]. 
The SMF has various categories that include nondispersion-shifted (G.652),  
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dispersion shifted (G.653), 1550-nm loss minimized (G.654), and nonzero-dispersion 
fiber (G.655) [31].  
 Optical signal propagation  
The optical wave’s propagation in a single mode fiber is directed by Maxwell’s 
equations i.e. wave equation (2.7) [33]; 
   ∆2𝐸 −
1
𝑐2
−
𝜕2𝐸
𝜕2𝑡
= −𝜇𝑜
𝜕2𝑃(𝐸)
𝜕2𝑡
             (2.7) 
where E is an electric field vector, 𝜇𝑜 is the vacuum permeability, c is the speed of 
light, and P is the polarization density for electric field. When weak optical power is 
achieved the induced polarization of the linear relation with electric field vector can 
be defined in equation (2.8) [33]; 
𝑃𝐿(𝑟, 𝑡) = 𝜀𝑜 ∫ 𝑋
(1)(𝑡 − 𝜏) ∙ 𝐸(𝑟, 𝜏)
∞
−∞
𝑑𝜏            (2.8) 
where 𝜀𝑜 is the vacuum permittivity, 𝑋
(1) is the first order susceptibility. The 
polarization itself is composed of two parts one is linear and second is nonlinear, which 
can be defined using equation (2.9) [34]; 
𝑃(𝑟, 𝑡) = 𝑃𝐿(𝑟, 𝑡) + 𝑃𝑁𝐿(𝑟, 𝑡)            (2.9) 
This nonlinear part of the polarization exists in silica fiber and usually comes 
from the third order susceptibility can be defined using equation (2.10) [34]; 
𝑃𝑁𝐿(𝑟, 𝑡) = 𝜀𝑜∭ 𝑋
(3)∞
−∞
(𝑡 − 𝜏1)(𝜏 − 𝑡2)(𝜏 − 𝑡3) ∙ 𝐸(𝑟, 𝜏1)𝑑𝜏1 ∙
                                     𝐸(𝑟, 𝜏2)𝑑𝜏2 ∙ 𝐸(𝑟, 𝜏3)𝑑𝜏3            (2.10) 
The third order susceptibility 𝑋(3) is a 4th tensor, and could have more than 80 
different terms. However, a single mode fiber (isotropic media), the third order 
susceptibility, the number of independent terms are reduced to one [35]. The 
propagation equation in nonlinear dispersive fibers can be obtained by solving wave 
equation (2.7) for equation (2.8)-(2.10) using few assumption [35]. These assumptions 
are: 
 𝑃𝑁𝐿 is a small perturbation of 𝑃𝐿 with maintain field polarization.  
20 
 
 
 Apply weakly guiding approximation for small index difference between core 
and cladding.  
 Apply quasi-monochromatic assumption in which the center frequency of 
wave is greater than spectral width of wave also equivalently known as; slowly 
varying envelope approximation in the time domain. 
 
The propagation constant 𝛽(𝜔) few terms are approximated using Taylor 
series expansion along carrier frequency of 𝜔𝑐 defined as in equation (2.11) [35]; 
𝛽(𝜔) = 𝛽𝑐 + 𝛽1(𝜔 − 𝜔𝑐) +
1
2
𝛽2(𝜔 − 𝜔𝑐)
2 +
1
6
𝛽3(𝜔 − 𝜔𝑐)
3 + ⋯⋯   (2.11) 
Therefore, using Taylor series 𝛽𝑛 = (
𝑑𝑛𝛽
𝑑𝜔𝑛
) at 𝜔 = 𝜔𝑐, the cubic and higher-
order terms in (2.11) are negligible due to quasi-monochromatic assumption. The 
second term for propagation constant i.e. 𝛽2 is defined as dispersion (ps
2/km) effect in 
optical communication that is discussed in Section 2.4.2.2. The dispersion region is 
categorized in two regions; normal dispersion 𝛽2 > 0 and dispersion deviation 𝛽2 <
0. In the normal dispersion, high frequency components of signal travels slower than 
low frequency components and opposite in dispersion deviation. The fiber dispersion 
can be defined using dispersion parameter 𝐷 can be expressed numerically as 𝐷 =
𝑑
𝑑𝜆
(
1
𝑣𝑔
) i.e. (ps/nm.km). The relationship between propagation constant and dispersion 
parameter can be attained as in equation (2.12) [35]; 
𝛽2 = −
𝜆2
2𝜋𝑐
𝐷                                             (2.12) 
where 𝜆 is the wavelength and 𝑣𝑔 is the group velocity. If the input electric field is 
propagated in z- direction and it is polarized in x-direction then equation (2.7) will 
become equation (2.13) [36]; 
𝜕
𝜕𝑧
𝐴(𝑧, 𝑡) = −
𝛼
2
𝐴(𝑧, 𝑡) +  𝑗
𝛽2
2
𝜕2
𝜕2𝑡
𝐴(𝑧, 𝑡) + 
𝛽3
6
𝜕3
𝜕3𝑡
𝐴(𝑧, 𝑡)  −  𝑗𝛾|𝐴(𝑧, 𝑡)|2𝐴(𝑧, 𝑡)  +
 𝑗𝛾𝑆𝑅
𝜕
𝜕𝑡
|𝐴(𝑧, 𝑡)|2𝐴(𝑧, 𝑡)  −  
𝛾
𝜔𝑐
𝜕
𝜕𝑡
|𝐴(𝑧, 𝑡)|2𝐴(𝑧, 𝑡) … ..                     (2.13) 
where 𝐴(𝑧, 𝑡) is the slowly varying envelope of electric field, 𝑧 is the direction of 
propagation, t is = (τ-z)/ 𝑣𝑔, 𝛼 is the fiber loss co-efficient (1/km), 𝛽2 is the second 
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order propagation constant (ps2/km), 𝛽3 is the third order propagation constant 
(ps3/km), γ is the nonlinear coefficient (2π𝑛2/𝜆𝑜𝐴𝑒𝑓𝑓), 𝑛2 is the nonlinear index co-
efficient, 𝜆𝑜 is the center wavelength, 𝜔𝑐 is center angular frequency and 𝑆𝑅 is the 
slope of Raman gain. The first term in equation (2.13) defines the linear attenuation, 
second term represents the second order dispersion, third term designates the third 
order dispersion, fourth term denotes the Kerr effect, fifth term indicates the effect of 
Stimulated Raman Scattering (SRS) and sixth term specifies the self-steepening effect.  
The generalized Non Linear Schrodinger Equation (NLSE) equation (2.13) can 
further be simplified by limiting the pulse width greater than 1 ps due to neglecting the 
small terms SRS and self-steepening effect compared optical Kerr effect; then equation 
(2.13) can be expressed as equation (2.14) [33]; 
𝜕
𝜕𝑧
𝐴(𝑧, 𝑡) = −
𝛼
2
𝐴(𝑧, 𝑡) +  𝑗
𝛽2
2
𝜕2
𝜕2𝑡
𝐴(𝑧, 𝑡) + 
𝛽3
6
𝜕3
𝜕3𝑡
𝐴(𝑧, 𝑡) 
 − 𝑗𝛾|𝐴(𝑧, 𝑡)|2𝐴(𝑧, 𝑡)                                            (2.14)  
The solution of NLSE equation (2.14) is required to explore and understand 
the various impairments occurring during signal transmission. The NLSE equation is 
solved numerically using Split Step Fourier Method (SSFM) [36]. 
 Optical fiber impairments 
The signal transmission in optical fiber interacts with various impairments, thus 
degrade the quality of the system. There are two main categories of transmission 
impairments; linear and nonlinear effects as shown in Figure 2.10 [37]; 
 
 
Figure 2.10: Different transmission impairments effects in optical fiber [37] 
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The linear effects are produced due to variation in transmission characteristics, such 
as: input power, distance, signal propagation, and due to different materials used in 
optical fiber. These are categorized as attenuation, dispersion, and in polarization 
dispersion. The nonlinear effects are classified as elastic and non-elastic. The elastic 
effects are produced mainly, due to variation in refractive index. The high power 
transmission in optical fiber produces fiber nonlinearity and non-elastic due to 
radiation effect that causes the transmission. In the next subsections, these 
transmission impairments are discussed briefly. 
2.4.2.1 Attenuation 
The loss in optical power due to signal propagation inside optical fiber is termed as 
attenuation. It can be expressed as in equation (2.15) [37]; 
𝑃𝑜 = 𝑃𝑖𝑒
−𝛼𝐿             (2.15) 
where, 𝑃𝑖 is the input power launched in fiber, 𝑃𝑜 is the output light power received at 
fiber end, 𝛼 is attenuation constant and 𝐿 is the length of optical fiber. The C-band has 
minimum 𝛼 of 0.19 dB/km for bandwidth in THz [37]. The attenuation in optical fiber 
is due to material absorption, scattering and geometric effects. The material absorption 
is the dissipation amount of power as heat in optical fiber due to intrinsic absorption 
(silica molecules) and extrinsic absorption (impurities such as: OH and metal ions). 
The scattering is loss in optical power in terms of radiation. There are two main types 
of scattering; Rayleigh and Mie. The Rayleigh scattering is produced due to small 
dissimilarities in the density of glass during manufacturing. These dissimilarities are 
microscopic in nature and smaller than the wavelengths used and consequently light 
scatters in all directions. The irregularities in core cladding and its refractive index 
produce the strains and bubbles that contribute to Mie scattering. The macro and micro 
bending effects are considered to be geometric effects in optical fiber. 
2.4.2.2 Dispersion   
Dispersion is termed as chromatic dispersion. It is produced due to non-
monochromatic light source, thus different spectral components within the pulse will 
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travel with different velocities in result signal distortion is attained. In the optical fiber 
transmission, the optical signal is the sequence of pulse that represents binary 
information and due to dispersion, the pulse broadening effect is produced. This pulse 
broadening effect degrades the system performance by Inter Symbol Interference (ISI) 
with neighbor pulse and loss of energy within the bit slot. The reduction in pulse 
energy decreases the Signal to Noise Ratio (SNR) at output. For quality performance, 
the SNR should be constant and average received power should be enough for 
detection process. The chromatic dispersion is composed of material and waveguide 
dispersion as illustrated in Figure 2.11 [38].  
 
 
Figure 2.11: Dispersion in SMF due to material dispersion (𝐷𝑀) and waveguide 
dispersion (𝐷𝑊) [38] 
The material dispersion produces the change in refractive index of optical fiber 
that is function of wavelength and variation in refractive index lead to group delay in 
each spectral component. The waveguide dispersion is the function core radius and 
difference between refractive indices in fiber core and cladding. The numerical 
representation of dispersion is illustrated in equation (2.12). The Polarization mode 
dispersion is produced due to nonlinear polarization of electric fields [38]. 
24 
 
 
 Non-Linear fiber effects 
The nonlinear effects in optical fiber are very crucial in high-speed optical 
communication systems. The nonlinear effects are divided in two categories, elastic 
and non-elastic. The elastic nonlinear effect are aroused due to interaction of optical 
signal with phonons vibration in the silica medium. These effects are termed as 
Stimulated Raman Scattering (SRS) and Stimulated Brillioun Scattering (SBS). The 
elastic nonlinear effects are encountered in optical fiber due to dependency of 
refractive index on the intensity of light signal. The most important effects are self-
phase modulation (SPM), Cross Phase Modulation (CPM), and Four Wave Mixing 
(FWM). These nonlinear effects are named as optical Kerr nonlinearities of optical 
Kerr effects. 
2.4.3.1 Stimulated Brillioun Scattering (SBS) and Stimulated Raman Scattering 
(SRS) effects 
The SBS effects are produced, when optical signal interacts with matter via acoustic 
waves and leads to optical signal power to a backward propagating stock wave at 
satisfied threshold [38], [39]. The output power remains constant after SBS threshold 
even though, when high power input power is given to fiber. The SBS threshold is 
dependent on the effect area of fiber core 𝐴𝑒𝑓𝑓, effective fiber length 𝐿𝑒𝑓𝑓, the gain 
coefficient of SBS and other pump parameters [40], [41] for modulated signal i.e. NRZ 
or RZ format. The SBS is controlled by reducing SBS gain, increasing the laser 
linewidth and according to Sakamoto [42], the launched power in optical fiber also 
provides the control for SBS effect. 
SRS arises in optical fiber when the optical pump signal is scattered by silica 
molecules and this scattering occur isotropically. SRS scattered light at longer 
wavelength than incident wave. If the signal exist, SRS light will amplify signal and 
pump wavelength signal will decrease the power. SRS can be encountered in both 
forward and in backward directions. 
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